bullfrog was undertaken because only few studies on resting tension from the viewpoint of E-C coupling in the heart muscle are available. were not essential for these responses. It was concluded that the initial tension decline results from the passive process due to volume change while the sustained contracture as well as the transient off-contraction are produced by some active process involved in E-C coupling. Hypotonic solutions induced a monophasic contracture which is insensitive both to the external calcium concentration and muscle stretch. The possible mechanism for the genesis of the response was discussed.
Recent investigations have shown that the resting tension of skeletal muscle responds to the osmolarity change of the bathing solution in various ways. In frog sartorius muscle bundles HILL (1968) showed that filamentary resting tension can be augmented by raising the tonicity of the bathing media. GORDON and GODT (1970) found that tension increase occurring in the hypertonic media is, in contrast to Hill's observations, transient though a small maintained tension was also observed behind it. Using single muscle fibers, LANNERGREN and NOTH (1973a, b) confirmed these observations and found that the magnitude of either components uniquely varies with tonicity and that the larger transient component is selectively abolished by tetracaine.
The aim of the present investigation is to analyze the mechanical responses to osmolarity change in the resting ventricular muscle of bullfrog, since hitherto no attempt has been made in respect to this problem in the heart muscle. It will be shown that in this type of muscle the hypertonic solution induces a triphasic change in the resting tension while the hypotonic solution produced a rather simple sustained contracture. 
METHODS

RESULTS
Effect of hypertonicity on the resting tension Figure 1 shows the effect of solutions made hypertonic (2.0 T to 3.0 T) by addition of NaCl on the resting tension of the ventricular myocardium. In rec- ords A, B, and C the driving stimulation was interrupted for 30 min and during this entire period the gain of the tension recorder was raised fourfold. After a resting perfusion period of 5 min with normal Ringer the hypertonic solution was applied for 15 min between two arrows as indicated in the records. Throughout all figures the arrows pointing upwards indicate the time point of reperfusion of the isotonic standard Ringer. In record A, the resting tension slightly decreased on application of the 2.0 T hypertonic solution. The record B shows that this initial decrease of tension was followed by a subsequent tension increase when the tonicity was raised to 2.5 T. In record C these responses were further augmented by an application of the 3.0 T solution. Moreover, a peculier transient contraction was produced on switching from the hypertonic to the normal Ringer. In Fig. 1D the hypertonic (3.0 T) solution was perfused successively to hypotonic (0.33 T) perfusion. It is thus clear that the resting tension of the bullfrog ventricle responds to the hypertonic perfusion in a triphasic manner; namely, the first tension decrease, the second sustained contraction and the final transient contraction (off-response).
Effect of external calcium on hypertonic response It is known that in the amphibian heart external calcium plays a principal role in excitation-contraction (E-C) coupling. Figure 2A , B, and C illustrates the effects of calcium depletion on the hypertonic responses described above.
Record A is the control in which a typical triphasic response was elicited by NaCl-3.0 T solution. Here again, the sensitivity of the tension recorder was raised by tenfold throughout the resting period. Record B shows that the second increasing phase of tension was strongly suppressed by omitting external calcium. On the other hand, the final transient contraction was clearly demonstrated when the normal Ringer solution was perfused again where the second arrow points upwards. However, when external calcium was depleted from the standard Ringer, the transient contraction completely disappeared as seen in record C. On the contrary the increase of external calcium at any time point during zero Ca-3.0 T perfusion resulted in an immediate development of sustained contracture (not illustrated). Thus, the second as well as the third components were highly sensitive to external calcium ions, whereas the first decreasing phase was almost insensitive to them.
Records D, E, and F of Fig. 2 show the effects of high-K, hypertonic solutions. Instead of the ordinary amounts of NaCl and KCl of the normal Ringer, 260 mm of NaCl and 100 mM of KCl were contained so that the total osmolarity corresponds to 3.0 T. Record D shows that the depolarizing, hypertonic solution produced a biphasic response (initial transient and late sustained) which is typical for potassium contracture of the bullfrog ventricle. When the external calcium ions were depleted, these responses were markedly suppressed (record E). It is, however, not clear whether the triphasic response due to hypertonic perfusion is still obtainable in the depolarized muscle preparation. Therefore, in record F, a zero-Ca Ringer solution was perfused for 20 min prior to the high-K, hypertonic perfusion until the twitch contraction mostly disappeared. Under this condition, that is where the potassium contracture was essentially eliminated, it can be seen that the first decreasing phase still remained whereas the second phase was almost completely abolished. Furthermore, the exchange of the high-K, hypertonic solution with the normal Ringer solution failed to elicit any appearance of a transient contraction.
Experiments with sucrose-hypertonic solution To avoid such complexity as high-Na inhibition of contractile tension or possible change in the membrane potential due to the Gibbs-Donnan effect, solutions made hypertonic by adding sucrose (3.0 T (S)) were used instead of NaClhypertonic solutions in this series of experiments. Figure 3A illustrates the effect of 3.0 T (S) solution. In this case the hypertonic solution was perfused for 30 min. It can be clearly seen that the typical triphasic response was produced also by this kind of solution. Therefore, it may be reasonable to conclude that the triphasic response is not specific for NaCl-hypertonic solution but is a rather general phenomenon for hypertonicity. The experiment shown in Fig. 3B was done in order to clarify whether the third transient phase could be induced even in the depolarized muscle. The 100 mM of NaCl in the normal Ringer was replaced with the equiamount of KCl and the osmolarity of the solution was adjusted to 3.0 T by adding the appropriate amount of sucrose (100 K-14 Na-3.0 T (S)). This solution produced a considerable K-contracture. When the solution was replaced with isotonic high-K, low Na-solution (100 K-14 Na-1.0 T) a transient contractile response was clearly demonstrated. It is noteworthy that the tension progressively declined during the depolarizing, isotonic perfusion. This necessarily means that hypertonicity more than slightly augmented K-contracture. On the contrary, total depletion of external calcium ions resulted a disappearance of the sustained contracture (second phase), leaving the first decreasing and the third transient phases intact (record C).
Effect of muscle length on the hypertonic response It is well known that the resting and active tensions of the cardiac muscle depend upon initial muscle length. Figure 4 shows a series of experiments performed in the same muscle preparation. In record A the muscle was stretched by 12.5 % from its unstretched length. Thus, in the records B, C, D, and E, the muscle was stretched by 50 %, 87.5 %, 112.5 %, and 187.5 %, respectively. Although this muscle preparation did not exhibit a marked final transient response (its existence is discernible from the presence of a long latency after the second arrow, see also Fig. 1B ) it can be seen that the positive contractile response once increased and then decreased with muscle elongation. Thus, these changes seem to have occurred in parallel with the Frank-Starling mechanism as seen in the changes of the twitch contraction. On the other hand the extent of the initial Each muscle preparation was perfused initially with hypertonic solution in its unstretched condition and after the muscle weight had been completely restored the same muscle was stretched to 180 % of its initial length and then another hypertonic perfusion was repeated. half time for the tension decline was about 1.9 min and smaller than that of the dehydration process just described. Fig. 7 . Effect of driving stimulation on the hypertonic response. Examples adopted from two different muscles (A, B, C and D, E). Hypertonic (sucrose, 3.0 T) solution was perfused for 30 min both in stimulating (A, C, and D) and in non-stimulating (B and E) conditions. In the muscle B the driving stimulation was interrupted simultaneously with the hypertonic perfusion while in the muscle E hypertonic solution was applied after a 5 min-quiescent period.
Effect of stimulation on hypertonic response When the muscle was driven throughout isotonic as well as hypertonic perfusions the hypertonic contracture was markedly augmented. In Fig. 7 the records A and C show the hypertonic response under constant stimulation (pre-and postcontrols) while in the record B the driving stimulation was interrupted simultaneously with the beginning of hypertonic perfusion. The ratios of the maximum contracture height to the twitch height immediately before each hypertonic perfusions were 51.5 % for A, 32.0 % for B, and 54.0 % for C. The records D and F were adopted from another muscle preparation. In this case, too, the repeating stimulation markedly augmented the magnitude of the second phase (from 35.4 to 79.0 %).
Effect of hypotonicity on the resting muscle
As shown previously (Fig. 1D ) hypotonic solution caused a sustained type of contracture. The time course of the hypotonic contracture considerably differs from that of the hypertonic one. In the most cases the rate of tension development was maximum at the beginning of perfusion and then subsided gradually. Figure 8E shows that the hypotonic perfusion (0.33 T) caused a small contracture which was interrupted by two undesired spontaneous activations.
To test the effect of the external calcium and to get more complete time course of the contracture the muscle was perfused with zero-Ca Ringer for 20 min and then the hypotonic perfusion was started as shown in Fig. 8 (A to D) , in which the effects of muscle extension were compared. The muscle was stretched by 71.4% in A, 114.2 % in B, 157.1 % in C, and 185.7 % in D. The experiment of the record E was performed between C and D with the same muscle length as C. Contrary to the hypertonic contracture the magnitude and the time course of the hypotonic contracture were not strongly modified by stretching. More surprising, however, was the insensitivity of the hypotonic contracture to the external calcium. There is practically no difference in the initial rising velocity between records C and E.
Measurements of the membrane potential change Figure 9 shows the changes in the membrane potential during NaCl-hypertonic (3.0 T) as well as hypotonic (0.33 T) perfusions. During hypertonic perfusion (filled circles and filled triangles) a slight hyperpolarization up to 15 mV is observed whereas any marked depolarization cannot be detected during recovery period. Thus, it is unlikely that the membrane depolarization is the main cause both for the contracture and the transient contraction of the hypertonic responses. On the other hand, a considerable depolarization of about 30 mV was observed during hypotonic perfusion (open circles). dehydration process while the weight change represents the three-dimensional effect including the changes which would occur in the extracellular space. Although LANNERGREN and NOTH (1973a) reported that the sustained tension development induced by hypertonic perfusion and the volume change occurred with roughly the same time course, we could not confirm such parallelism between the two phenomena. On the other hand, the time course of our hypertonic contracture is necessarily modified by an appearance of the negative tension change, that is, by a contribution of the parallel elasticity. The transient contraction of the hypertonic response is of special interest. Such a transient off-response has not yet been described both in skeletal and cardiac muscles. This overshooting off-response cannot be attributed to the membrane depolarization because any significant change in the membrane potential could not be detected during the recovery perfusion, and moreover, it was clearly demonstrated even in the depolarized muscle (Fig. 3) . The fact that the transient response was very sensitive to the external calcium ions and that it showed a very rapid uprise suggests the possibility of some kind of trigger mechanism occurring near the surface membrane. Although the precise role of the external calcium ions in this response is obscure they must have played an essential role for the calcium release from the inside of the membrane. Direct entry of the external calcium ions into the myofilaments is unlikely unless either the muscle membrane is depolarized or the calcium permeability is increased by a treatment with EDTA (WINEGRAD, 1971) . Some of calcium ions previously bound to the superficial site of the muscle cell, presumably subsarcolemmal cisternae, may be released into the sarcoplasm by an action of the rehydration process under the simultaneous presence of the external calcium ions. Such a secondary triggered release of calcium from the cellular compartment induced by calcium has been suggested both in skeletal and heart muscles (ENDO et al., 1970 ; PODOLSKY, 1970, 1972; WINEGRAD, 1973) .
Another possibility for the genesis of the transient response would be a transitory lowering of the mechanical threshold beyond the resting membrane potential. If this occurred during the recovery perfusion period a slight reduction of the membrane potential towards the normal resting potential would induce a transient increase of calcium ions towards the myofilaments. At present we cannot decide which mechanism is preferable for the explanation of the observed transient offresponse.
Hypotonic contracture. The hypotonic response considerably differs from the hypertonic response in that in the former a monophasic contracture was produced during perfusion while in the latter a triphasic response was observed. Its magnitude and time course were little affected both by external calcium and initial muscle length. Therefore, it is unlikely that this type of contracture was generated solely by an interaction between thick and thin myofilaments. Changes in the passive tension due to muscle swelling may also contribute to the observed tension 
